Abstract Cirrhotic cardiomyopathy is a cardiac condition observed in patients with cirrhotic regardless of the etiologies. It is characterized by the impaired systolic response to physical stress, diastolic dysfunction, and electrophysiological abnormalities, especially QT interval prolongation. Its pathophysiology and clinical significance has been a focus of various researchers for the past decades. The impairment of b-adrenergic receptor, the increase in endogenous cannabinoids, the presence of cardiosuppressants such as nitric oxide and inflammatory cytokines are the proposed mechanisms of systolic dysfunction. The activation of cardiac renin-angiotensin system and salt retention play the role in the development of cardiac hypertrophy and impaired diastolic function. QT interval prolongation, which is observed in 40-50 % of cirrhotic patients, occurs as a result of the derangement in membrane fluidity and ion channel defect. The increased recognition of this disease will prevent the complications of overt heart failure after procedures such as transjugular intrahepatic portosystemic shunt (TIPS) and liver transplantation. Better understandings of the pathogenesis and pathology of cirrhotic cardiomyopathy is crucial in developing more accurate diagnostic tools and specific treatments of this condition.
Introduction
It has been described for almost 60 years that cirrhosis was associated with hyperdynamic circulation characterized by increased cardiac output and reduced peripheral vascular resistance [1] . It was later found that liver dysfunction not only adversely affected the circulation but also the cardiac contractility. Multiple studies revealed impaired hemodynamic responses to physical (exercise) and pharmacological stress [2, 3] . These abnormalities were initially believed to be a direct toxic effect of alcohol; however, subsequent studies in human and animal models of nonalcoholic cirrhosis demonstrated similar manifestation of blunted cardiac contractility in response to stress and electrophysiological abnormality [4] [5] [6] . This disorder was formally termed as ''cirrhotic cardiomyopathy.'' In this review, we summarized the pathyphysiology and clinical significance of cirrhotic cardiomyopathy.
Definition and epidemiology
Cirrhotic cardiomyopathy is defined by chronic cardiac dysfunction typified by impaired cardiac contractility in response to stress and altered diastolic relaxation with electrophysiological abnormalities in cirrhotic patients with no known cardiac diseases [7] [8] [9] . At the 2005 World Congress of Gastroenterology at Montreal, a group of experts proposed diagnostic and supportive criteria for cirrhotic cardiomyopathy as follows: (1) systolic dysfunction: blunted increase in cardiac output on exercise, volume challenge or pharmacological stimuli or resting ejection fraction \55 %, (2) diastolic dysfunction: the ratio of early to late (atrial) phases of ventricular filling or E/A ratio\1.0 (age-corrected), prolonged deceleration time ([200 ms), or prolonged isovolumetric relaxation time ([80 ms), (3) supportive criteria: electrophysiological abnormalities, abnormal chronotropic response, electromechanical uncoupling/dyssynchrony, prolonged QTc interval, enlarged left atrium, increased myocardial mass, increased brain natriuretic peptide (BNP) and pro-BNP, or increased troponin I [7] .
There is limited data regarding the actual prevalence of cirrhotic cardiomyopathy due to the fact that the disease usually remains silent with near normal cardiac function unless the patients are exposed to stress. It has been estimated that as many as 50 % of patients undergoing liver transplantation developed some signs of cardiac dysfunction [10] and about 7-21 % of patients died from heart failure in the post liver transplantation period [11] . Baik et al. [12] proposed that the majority of cirrhotic patients in Child-Pugh class B and C presented at least one feature of cirrhotic cardiomyopathy namely QTc prolongation and diastolic dysfunction. Moreover, they suggested that diagnostic tests for diastolic dysfunction (e.g. echocardiogram or dynamic cardiac MRI) might be a useful screening tool to detect cirrhotic cardiomyopathy since some element of diastolic dysfunction is present in virtually all patients with moderately advanced cirrhosis.
Clinical manifestation and pathophysiologic process

Systolic dysfunction
Systolic function is normal or increased at rest in the majority of cirrhotic patients with the presentation of hyperdynamic circulation characterized by high cardiac output and tachycardia (2) . Physical or pharmacological stress usually unmasked underlying systolic dysfunction in these patients [3, 13, 14] . A study by Wong et al. [13] showed that the increase in cardiac output and ejection fraction in response to exercise were significantly lower in cirrhotics compared to controls. Moreover, Limas et al. [14] demonstrated that patients with alcoholic cirrhosis with ascites exhibited a decrease in left ventricular response to an increase in afterload by angiotensin infusion. The proposed mechanisms of decreased cardiac performance are reduced heart rate response to stress, impaired cardiac contractility and skeletal muscle wasting [15] .
There have been some evidences suggesting that systolic dysfunction might contribute to the development of hepatorenal syndrome (HRS) [16, 17] . It was believed that when the degree of splanchnic vasodilatation was so severe that the increase in cardiac output was not sufficient to maintain circulatory hemostasis, hypotension pursued, followed by stimulation of sympathetic nervous system (SNS), renin-angiotensin-aldosterone system (RAAS), salt and water retention and the development of ascites. HRS occurred as a consequence of intense vasoconstriction from the aforementioned process. A study by Ruiz-Del-Arbol et al. [16] demonstrated that plasma renin and cardiac output were the independent predictors of HRS and the probability of developing HRS was significantly higher in patients with cardiac output \6 L/min. Furthermore, in the event of infection such as spontaneous bacterial peritonitis (SBP), the release of tumor necrosis factor-a (TNF-a) might play a role in the decline in systolic function and precipitate HRS [18] .
There are several possible mechanisms explaining the development of systolic dysfunction as illustrated in Fig. 1 . The first mechanism is the decreased cardiac responsiveness (chronotropic and inotropic incompetence) through the defect in cardiac b-adrenergic receptor signaling. The impairment of b-adrenergic receptor signaling happens as a consequence of sympathetic over-activity and prolonged exposure to noradrenaline [15] . The low arterial blood pressure and reduced central blood volume are the main triggers of SNS via baroreceptor and volume-mediated receptor, respectively [19] . Sympathetic hyperactivity has been shown to cause direct myocyte damage and reduced b-adrenergic function [15, 20] . Various studies in human and animals demonstrated the desensitization of b-adrenergic receptor either by the down-regulation of b-adrenergic receptor (with subsequent decrease in receptor density) or the alteration of receptor function leading to decreased cAMP production [21] [22] [23] [24] .
Another mechanism that has been a topic of interest for many recent researches is the effect of endogenous cannabinoids (EC), most importantly anandamide (AEA), on cardiac function. Anandamide is synthesized from membrane phospholipid and released from the cell when needed. It exerts its effect through an orphan G proteincoupled receptor called Cannabinoid-1 or CB1 receptor [25] . A study by Gaskari et al. [26] showed the blunted response of ventricular papillary muscle isolated from bile duct ligated (BDL) rats to isoproterenol. This effect was restored by preincubation with CB1 antagonist (AM251). Their study also demonstrated that anandamide reuptake blockers (VDM11 and AM404) increased papillary muscle relaxation in BDL rats but not in controls. This experiment suggested that AEA caused cardiac hypo-responsiveness through CB1 receptor and that endocannabinoids system affected the cirrhotic heart through the locally increased AEA release but not the increased expression of CB1 receptor. A recent study in BDL mice demonstrated that the expression of cardiac AEA was induced by an inflammatory cytokine, tumor necrosis factor-alpha (TNF-a) and endocannabinoid reuptake inhibitor UCM707 escalated the effect of TNF-a on reducing cardiac contractility [27] . This investigation supported the hypothesis that inflammation might trigger the release of AEA, which subsequently depressed systolic function.
Other potential mechanism is the presence of cardiodepressant substances such as nitric oxide (NO) and carbon monoxide (CO). van Obbergh et al. [28] found that the impaired contractility of isolated hearts from BDL rats was recovered by the addition of nitric oxide synthase (NOS) inhibitor, NG monomethyl-L-arginine, while this effect was not observed in controls. Another study suggested that inflammatory cytokines such as TNF-a and interleukin (IL)-1b might play a role in the stimulation of inducible NOS (NOS2) and NO production [29] . NO exerts its negative inotropic effect through the stimulation of cyclic guanosine monophosphate (cGMP), which affects cardiac contraction in 3 different ways: (1) by hastening the degradation of cyclic adenosine monophosphate (cAMP) (the main mediator of b-adrenergic stimulation), (2) by activating protein kinase G, which inhibits the sarcolemmal L-type calcium channel, and (3) by inhibiting the calcium release from sarcoplasmic reticulum [30] . The enzyme heme oxygenase (HO) catalyzes the metabolism of heme to biliverdin and subsequently bilirubin creating CO in the process. CO, like NO, acts on cardiac myocytes through cGMP [31] . It has been shown in cirrhotic rats that CO and inducible (HO-1) isoform might play a role in suppression of cardiac contractility [32] .
Recent studies also found that the Na [10, 33] .
As previously mentioned, cirrhotic patients have elevated catecholamine levels as a result of sympathetic overactivity. Recent studies showed the important relationship between sympathetic over-activity and the elevation of inflammatory cytokines such as Interleukin-8 (IL-8), Interleukin-6 (IL-6), Interleukin-1b (IL-1b), TNF-a, and notably transforming growth factor-b (TGF-b) [34] . It is important to note that TGF-b stimulates mitogen-activated protein kinases (MAPK), particularly the isoform MAPK/ P-38, and promotes cardiomyocyte apoptotic cell death. Activation of MAPK/P38-a by TGF-b highlights apoptosis as another potential mechanism of cardiomyopathy [10, 34] .
Diastolic dysfunction
Diastolic dysfunction is characterized by abnormal left ventricular relaxation impeding blood flow through the ventricle, increasing left ventricular end-diastolic pressure, and increasing atrial contribution to late ventricular filling. These abnormalities represent as increased the E/A ratio and prolonged deceleration time on the 2-dimensional Doppler echocardiography. The recent guidelines of the American Society of Echocardiography have suggested that the measure of the early diastolic mitral annular velocity (e 0 ) is a more accurate marker of diastolic dysfunction [35] . The presence of septal e 0 \8 cm/s, lateral e 0 \10 cm/s, and enlarged left atrium (LA C34 mL/m 2 ) define left ventricular diastolic dysfunction. The degree of Fig. 1 The pathophysiologic process of impaired cardiac contractility and cardiac responsiveness to stress. The defect in cardiac badrenergic receptor signaling, the increase in endocannabinoid activity, the negative effect of NO and CO, and myocyte apoptosis are the four possible mechanisms responsible for the cardiac dysfunction. Several intracellular signaling pathways are involved in this pathophysiological process as demonstrated above severity can also be graded according to average E/e 0 ratio. LA volume and peak LA strain at the end of ventricular systole (PALS), determined by 3D echocardiography and speckle tracking echocardiography respectively, have been recently proposed as additional markers for diastolic dysfunction [36, 37] .
The clinical significance of diastolic dysfunction was supported by the unexpected heart failure after transjugular intrahepatic portosystemic shunts (TIPS) [38] . A study by Huonker et al. [39] exhibited the increase in the left atrial diameter, the pulmonary capillary wedge pressure, and total pulmonary resistance after the TIPS, which reflected the presence of diastolic dysfunction in cirrhotics. The histopathology of diastolic dysfunction was demonstrated in the autopsy series of cirrhotic patients and patients with alcoholism without underlying heart diseases, which showed cardiomyocyte hypertrophy, altered pigmentation, interstitial fibrosis and myofiber vacuolization [40, 41] . The evidence supporting the pathogenesis of diastolic dysfunction is scarce; however, it is proposed that alteration in collagen configuration, sodium retention and activation of RAAS are potential mechanisms [31] .
Glenn et al. [42] studied the role of titin and collagen in the pathogenesis of diastolic dysfunction in BDL rats. They found the increase in the stiffer collagen I, and the decrease in the more compliant collagen III in cirrhotic rats. Moreover, Protein kinase A (PKA), the important posttranslational modulator of titin's action, was significantly reduced in cirrhotic rats. The fall in PKA levels can lead to the decreased phosphorylation of titin and thus the increase in passive tension. Also, Phosphorylation of troponin I and calcium dissociation from troponin C may reduce as a consequence of decreased PKA levels causing a rise in diastolic time. A study in patients with heart failure supported that relatively hypophosphorylation of the stiff N2B titin isoform might pay a role in elevating cardiomyocyte resting tension and diastolic stiffness [43] .
There has been some data indicating that salt and water retention in cirrhosis may play a part in the development of diastolic dysfunction. Animal models have shown that high salt intake can lead to concentric left ventricular hypertrophy and elevated left ventricular filling pressure without a rise in blood pressure [44, 45] . Salt loading causes cardiac hypertrophy through the activation of cardiac aldosterone production independently of the circulating RAAS [45] . Other than an effect of aldosterone, cardiac angiotension II, acting via angiotensin-1 receptor, per se can induce cardiomyocyte hypertrophy and gene programming, and cardiac fibroblast proliferative and fibrosis [46] . Saltstimulated overexpression of transforming growth factorb 1 (TGF-b 1 ) in the heart is another possible mechanism contributing to cardiac hypertrophy, intramyocardial fibrosis and fibrosis of intramyocardial arteries [47] .
Decreased intestinal motility, increased intestinal permeability, alteration in local mucosal immune system contribute to the increase in bacterial translocation and endotoxemia in cirrhotic patients [48] . A recent study by Karagiannakis et al. [49] showed that the serum level of lipopolysaccharide-binding protein (LBP), a marker of an exposure to bacterial endotoxin, was independently associated with the presence of diastolic dysfunction. Furthermore, the LBP was positively correlated with the severity of diastolic dysfunction determined by average E/e 0 . They postulated that the bacterial endotoxin aggravated the splanchnic vasodilation and hyperdynamic circulation, which worsened the cardiac strain.
Electrophysiological abnormalities
Electrophysiological abnormalities observed in cirrhosis comprised prolonged QT interval and the defect in electromechanical coupling. The abnormalities have been linked to the defect in the sympathetic system and vagal impairment (autonomic dysfunction) [10] . The prevalence of QT interval prolongation is approximately 40-50 % [50, 51] . According to a study by Bernardi et al. [50] , the prevalence of prolonged QT interval increased substantially from Child-Pugh class A to B; however, did not differ among different etiologies of cirrhosis. Although Bernardi et al. [50] showed that patients with prolonged QT interval had lower survival rate than the normal counterparts; this finding was not reproduced by a more recent study by Bal et al. [51] . Their results demonstrated that age, Child-Pugh scores and alcoholic cirrhosis were independent predictors of QT interval prolongation but its presence had no effect on mortality. Moreover, the same study showed that QT interval normalized in 55 % of patients post liver transplantation. Trevisani et al. [52] evaluated QT interval in non-cirrhotic portal hypertension and cirrhotic patients post TIPS and found that prolonged QT interval was also present in patients with non-cirrhotic portal hypertension. Other interesting result from that study was the worsening of QT interval after TIPS. Combining both findings suggested that porto-systemic shunting and the delivery of cardioactive substances from splanchnic to systemic circulation might be the possible pathogenesis of QT interval prolongation.
Electromechanical coupling is the process of converting an electrical stimulus to a mechanical response and its defect plays a part in the impairment of cardiac function. Bernardi et al. [53] assessed the cardiovascular responsiveness to exercise in cirrhotic patients and discovered the prolongation of pre-ejection period, electromechanical delay and pre-ejection period to left ventricular ejection time ratios in patients with cirrhosis. They also found that the decrease in these parameters in response to exercise was impaired in cirrhotics. These data indicated that the defect in electromechanical coupling might result in cardiac contractility dysfunction. The presence of electromechanical dyssynchrony was confirmed in the study by Henriksen et al. [54] , which revealed that the relation between electrical (QT) and mechanical systole (systolic time) in cirrhotic patients with prolonged QT interval was lessened.
The derangement in plasma membrane fluidity and subsequent changes in membrane receptor and ion channel function are main contributors of electrophysiological abnormalities in cirrhotic cardiomyopathy. A study in BDL rats illustrated the increase in cholesterol-to-phospholipid ratio and membrane rigidity in cardiac plasma membrane of cirrhotic hearts [55] . Those changes led to the decline in b-adrenoreceptor density and b-adrenoreceptor-mediated cAMP production. Membrane fluidity and b-adrenoreceptor function were restored after incubated with fluidizing agent. Bile acids itself also have the direct toxic effect on membrane fluidity and cardiac b-adrenoceptor density and affinity [56] .
Plasma membrane changes may also cause ion channel defects leading to a marked prolongation of action potential and QT interval. A rat model of cirrhosis demonstrated decreases in K ? current (both Ca 2? -independent transient outward K
? current and delayed rectifying K ? current), which led to prolonged repolarization phase and action potential [57] . According to that experiment, those changes were likely explained by a decrease in current density such as a reduced functional K ? channels. A study in rat ventricles showed that action potential prolongation resulted in a marked reduction in peak inward Ca 2? -dependent membrane current during the plateau phase, a slower rate of decline in Ca 2? current and a longer relaxation time [58] . This phenomenon might cause a prolonged cardiac contraction and impaired relaxation [10] .
Sympathetic over-activity might also play a role in QT prolongation. A study by Henriksen demonstrated that plasma noradrenaline level was positively correlated with prolonged QT in cirrhosis and a non-selective b-blocker could shorten the QT interval [54] . In the presence of ion channel alteration (as stated above), the influence of sympathetic activity on QT interval might be different from normal individuals. This hypothesis was supported by the increased risk of cardiac arrhythmia with elevated sympathetic activity in patients with type 1 and 5 long QT syndromes, who possessed mutant genes coding for delayed rectified potassium channels in the heart [59] . Moreover, a sudden rise in sympathetic tone could transiently prolong QTc interval as shown in a recent study in cirrhotic patients with acute gastrointestinal (GI) bleeding [60] . Trevisani et al. [60] measured QTc interval in 70 cirrhotic and 40 non-cirrhotic patients with acute GI bleeding and found that QTc increased significantly at the time of bleeding and returned to baseline in 6 weeks in cirrhotic patients but no changes were observed in controls. Interestingly, the investigators also demonstrated that QTc interval could predict bleeding-related mortality at 6 weeks. It was postulated that the acute surge in sympathetic tone at the time of bleeding and the release of cardiosuppressants during stress might contribute to the prolongation of QT interval.
Management of cirrhotic cardiomyopathy
To date, there is no well-established guideline regarding the diagnosis or the treatment of cirrhotic cardiomyopathy. Since most patients remain asymptomatic in the resting condition, the treatment is initiated only when the symptoms of overt heart failure become apparent. Management of heart failure in cirrhotic patients at this point is similar to non-cirrhotic ones including salt and fluid restriction, diuretics and afterload reduction. However, afterload reduction, which is a main component of heart failure management, might be a challenge in cirrhotics, who already have baseline arterial hypotension. Furthermore, the use of cardiac glycosides, such as digitalis, might not be effective in increasing cardiac contraction in cirrhotic patients based on a study by Limas et al. [14] . The investigators demonstrated the persistent left ventricular systolic dysfunction and unchanged hemodynamics after the infusion of ouabain (short acting cardiac glycoside) in patients with alcoholic cirrhosis [14] .
The benefit of b-blockers in cirrhotic heart failure is not as clear as noncirrhotic ones. A use of non-selective bblocker has been shown to reduce prolonged QT interval toward normal values in patients with cirrhosis along with some beneficial effect in improving electromechanical uncoupling [61] . Nevertheless, the same study also showed the reduction in cardiac output in patients who received propranolol, which might pose a detrimental effect to the heart especially during stress such as infection [62] . Whether the decrease in QT interval will reduce clinically significant arrhythmia or the use of b-blockers will have any mortality benefits need to be further elucidated.
Pozzi et al. [63] conducted a study to evaluate the hemodynamic effect of a long-term treatment with K-Canrenoate (aldosterone antagonist) in Child A preascitic cirrhotic patients. They found that K-Canrenoate significantly reduced hepatic venous pressure gradient, left ventricular wall thickness and left ventricular end-diastolic volume; however, the treatment failed to improve diastolic dysfunction. It was believed that ventricular wall thickness decreased as a result of anti-fibrotic effect of aldosterone antagonist. The authors proposed that the combination of b-blockers and aldosterone antagonists might have additive effects in improving cardiac function in cirrhotic patients. Further studies are warranted to evaluate this hypothesis.
Similar to other complications of cirrhosis, liver transplantation is a possible cure for cirrhotic cardiomyopathy. Sampathkumar et al. [64] reported a series of patients after liver transplantation and found 7 out of 754 patients who had normal pre-operative echocardiography developed overt heart failure after the operation. However, 86 % of those patients fully recovered in term of ejection fraction and did not recur at the median follow-up of 15 months. Reversibility of cardiac dysfunction after liver transplantation was also observed in a more recent study, which followed hemodynamic parameters of 40 cirrhotic patients pre-and post-transplantation. The results revealed the complete regression of ventricular wall thickness, and diastolic dysfunction, and the restoration of systolic response and exercise capacity under physical stress in all patients between 6 and 12 months post-transplantation [5] .
Because of the current limitations and therapeutic options for patients with cirrhotic cardiomyopathy, there remains a critical need for newer, more effective agents for treating this condition. In the future, therapeutic options may focus on specific targets which are pathophysiologicbased, such as antagonists to CB1-receptor, TNF-a, and NOS inhibitor as a treatment of systolic dysfunction or angiotension II and TGF-b 1 blockers as a treatment of diastolic dysfunction.
Conclusion
Cirrhotic cardiomyopathy is a recently recognized complication of cirrhosis. Although most patients remain asymptomatic, this condition can pose significant morbidity and mortality in the presence of stressful events such as infection, TIPS and liver transplantation. Due to its diagnostic difficulties, the increased awareness is important in preventing the complications of cirrhotic cardiomyopathy. Understanding the pathophysiologic process of systolic dysfunction, diastolic dysfunction and electrophysiological abnormalities in cirrhotic cardiomyopathy is crucial for the further development of more accurate diagnostic tools and specific treatment.
